A polymer electrolyte fuel cell (PEFC) is a practical clean energy converter. In order to improve power generation state in PEFC is needed. The power generation performance of PEFC depends on mass transfer in it. Thus, it is important to clarify the current distribution that has close relation to the mass transfer. Especially, the measurement of the power generation current in MEA (membrane electrode assembly) inside the PEFC is needed. The power generation current generates the static magnetic field around the PEFC. Therefore, the distribution of power generation current inside MEA can be determined using the static magnetic field around the fuel cell.
Introduction
A polymer electrolyte fuel cell (PEFC) with a quick power generation is going to be used for the power supply of an electric vehicle etc. The improvement of efficiency and durability are strongly required for the spread of the PEFC. The power generation performance of PEFC depends on the mass transfer of hydrogen, oxygen and steam in it. Thus, it is important to clarify the current distribution that has close relation to the mass transfer. Especially, the measurement of the power generation current in MEA (membrane electrode assembly) inside PEFC is necessary. The generation current distribution was measured by taking out currents through divided elements of MEA or a separator and externally measuring the current. 1, 2) On the other hand, the power generation current generates the static magnetic field around the fuel cell. Therefore, there is a possibility to determine the distribution of power generation current inside MEA using the static magnetic field around fuel cell. Some approaches to determine the current distribution using the outside field are reported. 3, 4) In this paper, the non-contacting detection technique of distribution of power generation current inside MEA using the static magnetic field around the fuel cell is examined. The static magnetic field around the fuel cell can be measured using the magnetic sensor etc. In this research, the calculated static magnetic field by the forward 3D FEM analysis is used as the measured value in the proposed 3D heuristic search, and the current distribution in MEA is determined. Moreover, the experimental verification is also carried out by using imitation fuel cell.
Model and Method of Analysis
2.1 Model of PEFC and measurement domain of flux density Figure 1 shows the structure of the PEFC. This composed of a pair of end plate (copper plate), a pair of separator (carbon) that is the passages of hydrogen and oxygen, and a sheet of MEA. The fuel cell was arranged horizontally. Figure 2 shows the analyzed model of the fuel cell using the 3D FEM. The MEA is a sheet and its size is 50 mm © + Graduate Student, Oita University 50 mm © 0.1 mm. The conductivities of the end plate and separator are 5.9 © 10 7 S/m and 8.1 © 10 4 S/m, respectively. The total amount of power generated by this fuel cell is dc 8 A. The number of elements in MEA is 25. Table 1 shows the condition of analysis.
The flux density B in or around the fuel cell is produced by power generation current inside the fuel cell. Therefore, there is a possibility that the distribution of power generation current inside the fuel cell or the MEA can be determined using B around the fuel cell. The static B x , B y and B z along the line a-b-c-d shown in Fig. 3 are measured. The x-, y-, and z-components of static magnetic field calculated in the forward analysis are used in 3D heuristic search.
5)

Proposed heuristic search
There are various techniques in the heuristic search method. When the Rosenbrock method 6) is used for this model, solutions different from a correct answer were obtained. Moreover, even when the Evolution Strategy 7) using Tikhonov's method is used, the optimal solution was not obtained if number of design variables is large.
Then, a heuristic search which determines an "ON" or "OFF" region of the generation current in MEA which satisfies the specified flux distribution is introduced. The iteration process of calculation is shown in Figs. 4(a) to 4(c) and the algorithm is as follows: (a) process 1 An "OFF" (no current) element of black or gray color domain in shown Fig. 4 is generated in MEA, and the following objective function W is calculated:
. . .Þ ð1Þ where n is the number of elements in the target domain around the fuel cell shown in Fig. 3 . B ix , B iy and B iz are the x-, y-, and z-components of the flux density calculated using 3D FEM. "k" of the superscript of W denotes the calculation process k. B 0x , B 0y and B 0z are the x-, y-, and z-components of flux density calculated by forward analysis (corresponding to a measured value). Twenty-five kinds of calculations of W are carried out for each "OFF" (25 elements) in MEA. The smallest five Ws are chosen from all W 1 . These five W 1 s are defined as W (b) process 2 Twenty-five calculations are carried out by generating additional one "OFF" element for each W 1 as shown in Fig. 4(b) . Then, new current distributions of W at the process k are obtained.
If
No.1 is less than ¾ (small number, ¾ is chosen as 1.0 © 10 ¹20 ), the search is terminated.
Result and Discussion of Heuristic Search
Forward analysis
The distributions of current and static magnetic field at an ideal power generation (the current is generated in whole MEA) are calculated by the forward analysis. Figure 5 shows the distribution of uniform power generation current in MEA. The volume and direction of the current are shown by the volume and direction of the arrow sign in the figure. MEA is subdivided into 25 elements and the current of each element is I dc = 0.32 A (= 8 A/25 elements). Figure 6 shows the whole distribution of power generation current in the fuel cell. The volume and direction of the current are shown by the volume and direction of the arrow sign in the figure. The current generated within MEA flows into a separator, an end plate, and a current terminal wire. As the conductivity of the end plate (copper) is larger than of the separator (carbon), the current density in the end plate is largest within the fuel cell. Figure 7 shows the distribution of flux density around MEA. The volume and direction of the flux density are shown by the volume and direction of the arrow sign in the figure. Since «B« max and «B« min in the measurement domain of flux density are 1.264 © 10 ¹4 T and 0.443 © 10 ¹4 T, respectively, the quantity of flux density can be measured by Hall elements.
Heuristic search
In order to check the performance of the proposed heuristic method, the case when the currents of three elements in MEA are "OFF" as shown in Fig. 8 is examined. Figure 9 shows the distribution of power generation current in MEA calculated by the forward analysis. The volume and direction of the current are shown by the volume and direction of the arrow sign in the figure. The total current in MEA is 8 A, and the current of each element is about 0.36 A (= 8 A/ 22 elements). 5 , which were selected at the process 1, are monitored. The figure shows that the heuristic search is converged by about 400 iterations. Figure 12 shows the comparison between the current distributions in MEA by the forward analysis and by the heuristic search. The volume and direction of the current are shown by the volume and direction of the arrow sign in the figure. The figure shows that the current distribution in MEA of the fuel cell can be obtained by the proposed heuristic search using the flux distribution around the fuel cell.
Verification Experiment
In this research, the imitation problem electrolyte fuel cell was created and the current distribution in the MEA using a copper plate was estimated. In the verification experiment, the "ON" (current flow) or "OFF" (no current) of the generation current region only in MEA which consisted of 25 elements. The verification experiment is carried out by using proposed heuristic search with the static magnetic field measured around the fuel cell. Figure 13 shows the imitation model of polymer electrolyte fuel cell for verification experiment. The structure of the model is a pair of end plate (copper plate), a pair of separator (carbon), a pair of current line and a sheet of MEA. In addition, the MEA in the fuel cell model was assumed by a copper plate in this experiment. The conductivities of the end plate, the separator and a sheet of MEA are 5.15 © 10 7 S/m, 6.26 © 10 4 S/m and 4.6 © 10 7 S/m, respectively. In this imitation fuel cell, the direct-current (3 A) is flowed from upper side current line to a pair of end plate, a pair of separator and MEA model of copper. Figure 14 shows one element of the current "OFF" in MEA is which consisted of 25 elements. The static flux density B x and B y of 20 positions around the fuel cell shown in Fig. 15 are measured. Figure 16 shows the size and positions of 20 magnetic sensors around the MEA. The x-and y-components of the static magnetic field by measurement are used in 3D heuristic search. An "OFF" (no current) element is generated in MEA, and the following objective function W is calculated. 
Model of imitation equipment of the fuel cell
Where n = 20 in the number of elements in the target domain around the fuel cell in Fig. 16 . B 0x and B 0y are x-and ycomponents of the flux density measured by 20 magnetic sensors. B ix , B iy and k are similar to the formula (1). Figure 17 shows distribution of measurement results of the static magnetic field around the fuel cell. The volume and direction of the flux density are shown by the volume and direction of the arrow sign in the figure. The figure denotes that «B« max and «B« min in these distributions of the flux density are 9.3 © 10 ¹6 T and 7 © 10 ¹7 T, respectively. These measured values are used for 3D heuristic search. Figure 18 shows current distribution in MEA is detected by 3D heuristic search FEM. The volume and direction of the current are shown by the volume and direction of the arrow sign in the figure. The figure denotes that I max and I min in these distributions of the current density are 16 © 10 2 A/m 2 and 4 © 10 2 A/m 2 , respectively. The correct "OFF" region of No. 4 element is determined by proposed heuristic search. Figure 18 shows the calculation result of current distribution in the MEA using 3D heuristic search. Figure 18(b) denote that the calculated current distribution is in agreement with the domain of the current "OFF" in shown Fig. 14. This figure shows that the detection of the current distribution in MEA is possible from the distribution of static magnetic field around the fuel cell using the proposed 3D heuristic search.
Result and discussion of verification experiment
Conclusions
The results obtained by this research are summarized as follows:
(1) The heuristic search for detecting the current distribution, which produces the specified flux distribution, is proposed. It is shown that the detection of the distribution of generation current in MEA is possible by using the proposed heuristic search within acceptable number of iteration. (2) The detection of the current distribution in MEA is possible from the distribution of static magnetic field around the fuel cell using the proposed 3D heuristic search. In this paper, the current distribution of only ON or OFF regions in MEA is detected, and the divided domains in MEA are 1 © 10 ¹4 m 2 (25 elements in MEA). In actual factory, the measurement of the current distribution in 10000 divisions inside MEA is needed. The increase in the division of the current distribution in MEA is a future research subject. 
